Hyperpolarization
by the vagus stimulation of the quiescent sinus of bullfrog's heart was recorded.
The A change in the membrane potential of the heart muscle by vagus stimulation has been reported by a number of authors. In 1887 Gaskell1 showed that the demarcation current of the tortoise auricle was increased by vagus stimulation. Recently del Castillo and Katz2 and Hutter and Trautwein3 studied the hyper polarized potentials brought about by vagus stimulation in the pacemaker region of the frog's heart. They suggested that the inhibitory transmitter, i.e., acetyl choline released by vagus stimulation changed the permeability of the membrane to specific ions responsible for the changes of potential level. However, the effect of variation in the pattern of vagal impulses -variation in the stimulation interval and total number of stimuli -on the membrane potential has not been studied. In the present report the effect of the pattern of vagus stimulation on the hyperpolarized potentials of the sinus fibers is described, and the relation between the hyperpolarization and the output of transmitter is discussed. Fur-V. Sato thermore, the relation between the length of the inhibitory period of the heart beat remaining after the end of vagus stimulation and the pattern of vagus stimulation is presented.
METHODS
Almost all the experiments using intracellular electrodes were done on excised bullfrog's sinus preparations (Rana catesbiana), and a few on toad's sinus (Bufo vulgaris formosus). Some experiments were also done on the tortoise's heart (Clemmys japonica) in situ using extracellular electrodes. For the intracellular recording the sinoauricular region of the excised bullfrog's heart was carefully cut open in normal Ringer solution and pinned with its dorsal wall underneath on a cork board. It was suitably stretched so as to assure a steady impalement of the electrode. Then, the bathing solution was exchanged with hypertonic and Cl-deficient Ringer solution (the osmolarity was increased to three times the normal by adding sucrose (Hodgkin and Horowicz4), and NaCl in the normal Ringer was replaced by an equimolar amount of sodium propionate). The recording was made after arresting the heart beat by immersing the prepara tion in hypertonic Ringer solution for thirty to sixty minutes. Empirically it was found to be not so difficult to impale the electrode into the cell in this Cl-deficient Ringer solution. spontaneous discharges at the same time ( Fig. 1, upper) . When the phase of hyperpolarization was over, the discharge occurred at a slower rhythm. The first discharge after the end of stimulation had a smaller spike amplitude and a shorter duration. This inhibiting effect lasted for about nine seconds after the end of stimulation. The second series of stimulation was given again after the complete recovery from the first one ( Fig. 1, lower) . A similar hyperpolarization appeared, but the potential became unstable, and further continuation of the experiment must be abandoned. Thus, it was difficult to record the membrane potential steadily for a long period because of the movement of the heart.
In some cases (Fig. 2 A) the prepotential was very small. It seems that the intracellular electrode had not been impaled just into the pacemaker cell, or that the rising phase of prepotential was slow in the cell impaled and its discharge was evoked by the conduction from the pacemaker cell. Fig. 2 A shows that the inhibition evoked by repetitive stimulation of 20 shocks brought about a marked hyperpolarization and a delayed spike potential which was preceded by a slow and large prepotential. After the appearance of two discharges a long quiescent period ensued (about 13 sec) : then, somewhat small action potentials with no prepotential appeared. Fig. 2 B shows an example of a slowly beating heart, in which 50 shocks with 115 msec pulse interval evoked a long inhibition. On the contrary, in Fig. 2 B, the prepotential which had observed before the stimulation disappeared at the first discharge after the inhibition. In Fig. 2 C and D, a hyperpolarization appeared even in the fiber which usually showed no prepotential.
2) The number of stimuli and the hyperpolarization A number of experiments were done on the quiescent heart in Cl-deficient hypertonic sucrose Ringer solution, and the hyperpolarization elicited by vagus stimulation with varying number of stimuli was recorded.
In a few preparations of the bullfrog's heart, a single vagus stimulation could evoke a small hyperpolariza tion. In most cases, however, the summation of suitably spaced stimuli was needed to produce hyperpolarization. Fig. 3 shows the hyperpolarization by 5, 10, 50, 100, 200 and 300 shocks of 58 msec pulse interval.
The hyperpolarization became larger with the increasing number of shock, but after its magnitude attained a maximum, the hyperpolarization decreased again toward the initial membrane potential level in spite of still continued stimulation (C,D,E and F). In other words the magnitude of hyperpolarization increased exponentially in general to attain a final level, and a further continuation of stimuli only contributed to the prolongation of hyperpolarization. With further continuation of repetitive stimulation, the magnitude of hyerpolarization could not be maintained and decayed during the continued stimulation. In Fig. 4 , the hyperpolarized potentials by different numbers of shocks were superposed. The effect of pulse interval will be shown below. Cal.: 5 mV, 1 sec. 3) Effect of the pulse interval with constant stimulation period 
5) Effect of lonnq stimulation
Examples of the stimulation period of 11 to 28 sec are shown in Fig. 8 . In A (58 msec interval) the hyperpolarization developed steeply and the potential began to return toward the normal level while the stimulation continued. In B (610 msec interval) the potential attained a plateau and was maintained for the period of continued stimulation. In C (1.1 sec interval) the small hyperpolariza tion gradually increased during the whole period of stimulation, and this tendency further continued for a short period after cessation of the stimulation as was above described.
6) Delayed response
As is shown in Figs. 5 and 6, the latent period of the evoked hyperpolarization was about 500 msec. It is worth while noticing that in the case of a small number of stimuli (Fig. 3 A) , the hyperpolarization started after a latent period and grew to the maximum in about 1 sec. Figs. 6F and 8B and C show the cases in which the course of hyperpolarization continued after the end of stimulation for such a short period as was comparable with the latent period.
7) So-called rebound excitation
In some cases, the spontaneous discharge of the sinus often occurred in the quiescent heart after the hyperpolarization caused by vagus stimulation (58 msec interval, 30 shocks) had recovered to a nearly original level (Fig. 9 A) . In Fig. 9B and C, spontaneous discharge occurred once or twice immediately after the hyperpolarization.
In D left, stimuli were given during continuing spon taneous discharge. The stimulation resulted in quiescence of the heart and an evoked hyperpolarization was followed by one action potential. The continuous record is shown on the right of D ; the similar response in a quiescent heart. In comparing them, it is noticed that the magnitude of hyperpolarization measured from the zero level of the potential was nearly equal. While the magnitude of evoked hyperpolarization measured from the diastolic level in the beating heart was smaller than the magnitude of hyperpolarization in the quiescent one, namely the quiescent fiber which had a lower membrane potential was hyperpolarized to the same level.
8) Inhibition of the heart beat and the inhibition period after vagus stimulation of various patterns
The experiments mentioned in this section were carried out on the tortoise's heart. With vagus stimulation of various patterns, the heart ceased to beat as reported above. The remaining inhibition period (Teff) in the present paper was defined as the time from the end of stimulation to the first discharge of the heart. In Fig. 10 Fig. 11 .
The optimal number and the optimal interval of stimuli to obtain a maximum T , f f were thus found. It was experienced, though not shown in the figure, that the quiescent state of the heart continued for more than thirty minutes with a continuous stimulation of 100 msec interval.
9) Vaqus escape
When vagus stimulation was continued too long, the heart began to discharge spontaneously (vagus escape) despite of the continuation of vagal stimulation. There were two types of escape. One of them was complete escape, which was induced by the stimulation of short interval: the heart began to beat with a rhythm similar to the normal (Fig. 12, upper) . The other was incomplete escape : this was induced by the stimulation of a relatively long interval. In the latter the rhythm of the escaping beat was very slow and somewhat irregular as compared with the normal one (Fig. 12, lower) . With further continuation of stimulation, the occurrence of the escape tended to become more and more regular, but its period was still much longer than the normal (not indicated in the figure). 
DISCUSSION
Accumulation of transmitter, exhaustibility and desensitization. In the present experiments, the hyperpolarization and the inhibition of the heart beat by vagus stimulation were investigated. It is not certain whether the magnitude of hyperpolarization or the duration of inhibition (Teff) is related linearly with the amount of transmitter released, even if the sensitivity to the transmitter is taken to be unaltered. Tentatively, the results will be explained by the assumption that the hyperpolarization or the period of remaining inhibition runs parallel with the accumulation of the transmitter; that is to say, they increase or decrease with the amount of accumulated transmitter so far as the sensitivity to transmitter is unchanged. Moreover it is simply assumed that by repetitive stimulation the transmitter accumulates near the nerve terminals, but at the same time it decreases during the stimulation by destruction and/or diffusion depending on the grade of its accumulation. Thus, the amount of transmitter will be expected to increase exponentially to a certain saturation level. As regards the membrane potential, it is probable that it changes non-linearly with the accumulation of transmitter and practically saturated by its property. Therefore the saturation of hyperpolariza tion, as shown in Figs. 4, 5, 6 and 8, will be possible by two different factors: the dissipation of transmitter and the membrane property. By comparing A with B in Fig. 5 , it is seen that the gradient of hyperpolari zation at the end of stimulation of 5.8 sec with 23 cosec interval (B) is almost horizontal, while the gradient at the half point of stimulation with 11.5 cosec interval (A) is definitely increasing. The number of stimuli was the same in both cases. Similarly the gradient of hyperpolarization at the end of 5.8 sec stimulation with 58 msec interval (Fig. 5 C) is decreasing, while that in the case of stimula tion of 23 msec interval (B) is increasing at the half point of stimulation (2.9 sec) at which the number of stimuli was the same as in (C). Similar relations are found in other recordings. If the reduction of hyperpolarization is brought about by the exhaustion of transmitter due to rapid repetition of stimuli, it will be expected to be less pronounced in the case of long interval stimulation. But by comparing the gradients of hyperpolarization evoked by the same number of stimuli, the re duction was found rather stronger in cases of long interval stimuli. Therefore some factors other than the exhaustion of transmitter may play a part; some kind of desensitization to the transmitter probably appears during continued stimulation. Similar results are found by comparing the figure of hyperpolarization evoked by the constant number (40) of stimulation in Fig. 6 except A, where the stimulation interval is too short. Accumulation of transmitter may be expected to occur sooner with short interval stimuli since the time for dissipation is short. But the magnitude of hyperpolarization with the interval of 11.5 msec (Fig. 6 A) was far smaller. This apparent paradox can easily be interpreted by inevitable failure of nervous conduction due to the refractoriness of the stimulated nerve. The shorter the interval, the more failure will occur especially during the latter stage of continued stimulation. Thus, there was an optimal interval of stimuli for evoking the hyperpolarization as is shown in Fig. 7 B and C.
The period of remaining inhibition (Teff) is mainly related to the amount of accumulated transmitter at the end of stimulation. The optimal interval for the maximal Teff is indicated in Figs. 10 and 11. Fig. 10 shows that T,ff was saturated by the stimulation with equal intervals for 10 and 20 sec at a higher level than by the stimulation for 5 see ; but Teff was lower with a long stimulation for 50 sec. Moreover with longer continued stimulation, the vagus escape appeared. As demonstrated in Fig. 11 , by the stimuli of interval from 10 to 100 msec, Teff curves ascended together with prolonged stimulation period, although the same was not necessarily true for other experiments. However, the curves of shorter interval always reached earlier their maximum. Probable explanation for this is as follows: because of failure of nervous conduction in the case of shorter interval stimula tion, as stated above, the number of the effective stimuli is expected fewer than that of the given stimuli to the nerve, especially at the later stage of continued stimulation. With longer continued stimulation, the vagus escape appeared which is indicated by plotting on the axis Teff=O.
The curves for 200 msec and 500 msec in Fig. 11 increasing number of stimuli with short interval stimulation than with long interval stimulation. The contradictory result is seen in the lower figure. It may easily be supposed that a smaller amount of transmitter will accumulate and smaller magnitude of hyperpolarization is produced by longer interval stimula tion. As a result rapid dissipation of transmitter is expected to occur and makes Teff shorter. However, why the incomplete vagus escape (Fig. 12, lower) appeared during a continued stimulation cannot be explained only on the basis of the amount of transmitter. It must be assumed that such an opposing factor as is observed in the case of hyperpolarization may be growing desensitization to the transmitter in the course of stimulation.
The inhibition of the heart beat is originated from the pacemaker, whereas the hyperpolarization occurs not only at the pacemaker but also in other regions.
However, from the present results, it seems very likely to assume that the both events might be attributed to the release of the transmitter.
Shift of pacemaker. When the recorded region began to fire spontaneously after hyperpolarization by the vagus stimulation, the firing level was not always constant. Hotter and Trautwein3 explained this phenomenon by assuming a shift of the pacemaker or alternation of excitability of the pacemaker. They showed only a record which suggested that the region of the pacemaker became more distant from the recording electrode; i.e., the critical level of the recurring discharge occurred already at a more hyperpolarized level than before. Such results were also obtained in the present experiments. Moreover, in rare instances, the discharge did not appear after vagus inhibition until a more depolarized level was attained than before ( Fig. 2A) . It suggests an approach of the pacemaker to the electrode. These phenomena of firing at a hyperpolarized or depolarized level present evidence of a shift of the pacemaker by vagus stimulation.
Recovery of the discharge. The form of discharge which appears after the inhibition by vagus stimulation is at first extraordinarily low and sharp (Figs. 1 and 2) as was already observed by Hotter and Trautwein.3 This may be at tributed to incomplete recovery of the membrane activity, but further studies from the viewpoint of ionic hypothesis are still required.
Prepotential and hyperpolarization. Even when the pacemaker potential could not be recorded because the electrode was probably impaled too far from the pacemaker cell, hyperpolarization by vagus stimulation could be recorded in some cases ( Fig. 2 C and D) . The nerve ending which evoked the hyperpolarization might probably be located near the electrode.
Moreover, in some cases the prepotential appeared preceding the discharge, after the hyperpolarization produced by vagus stimulation had decayed, although the prepotential was very small before the stimulation (Fig. 2 A) . In Fig. 2 B, the form of prepotential after vagus stimulation was different from that before stimula tion. From these it cannot be generally predicted that the hyperpolarization by vagus stimulation does not appear when the prepotential cannot be observed before the stimulation.
So-called rebound phenomena. Bennett5 reported that during the quiescent state of the smooth muscle of the guinea-pig taenia coli one or several discharges occurred spontaneously after the hyperpolarization produced by the inhibitory nerve stimulation (rebound excitation). Moreover, by the application of hyper polarizing current, similar excitatory responses were elicited in the heart of chick embryo (Sperelakis and Lehmkuhl6). The records of Fig. 9 in the present report are quite similar to their result. The resemblance between the records should be pointed out in this connection. Its explanation awaits further studies.
